The ubiquitously distributed gammaproteobacterium Pseudomonas aeruginosa is capable of thriving in a large number of dissimilar ecological niches (12, 15, 16, 21, 22, 24, 33, 37, 38, 39, 41, 42, 44, 50, 52, 54, 55, 56) . Our recent study documented its survival and existence in the open ocean (22, 24) . Molecular fingerprinting techniques, such as pulsed-field gel electrophoresis, have demonstrated that oceanic P. aeruginosa strains harbor a unique genotype. Their growth and survival under nutrient-free, high-NaCl, and high-pH stress conditions in laboratory-based microcosms have been evaluated, and it was found that they could survive and thrive longer than clinical and freshwater strains (22) . In light of these results, we hypothesized that marine P. aeruginosa possesses new sequence types and assumes unique positions in intraspecies phylogenetic trees.
The genome sizes of P. aeruginosa range from 5.2 to 7.1 Mbp (46) . Recent work suggests that more than 80% of the genome of the sequenced strain (strain PAO1) is shared (with only 0.5% nucleotide divergence) with the isolate from cystic fibrosis patients and with environmental strains (47) , indicating that the genome of this bacterium is characterized by a combination of relatively conserved core genes and some variable accessory genes. Therefore, depending on the genes analyzed and the methods used, apparently various genomic divergences are obtained.
Denamur et al. (6) and Picard et al. (40) argued that the species had a panmictic population structure, but Kiewitz and Tummler (23) proposed a net-like structure characterized by high frequencies of recombination. Lomholt et al. (29) favored an epidemic structure, and Pirnay et al. (41) combined sequencing-based techniques, such as sequencing of the outer membrane lipoprotein, with serotyping and pyoverdine type determination in a polyphasic approach to reveal extensive genetic mosaicism, particularly in the oprD gene.
Multilocus sequence typing (MLST) is a recently developed strain-typing system that focuses strictly on conserved housekeeping genes (5, 10, 31, 53) . The choice of seven loci ensures adequate variability such that one can distinguish between the most closely related strains and still be able to track the global clonal history of the species with the highest possible accuracy. Because of these advantages, we used an MLST scheme to characterize strains of P. aeruginosa isolated from the open ocean, which enabled us to compare our data with those in the database generated from various clinical and environmental P. aeruginosa strains. In addition, we attempted to clarify the phylogenetic relationships of these isolates by concatenating seven genes used for MLST. These genes are generally conserved and less likely to undergo horizontal gene transfer and are therefore suitable for phylogenetic analysis.
In order to test the hypothesis that marine P. aeruginosa comprises a population uniquely adapted to the ocean environment, seven housekeeping genes (acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE) from 34 P. aeruginosa strains were sequenced, and the data were compared with those for MLST alleles in the existing database. The concatenated sequences were used for phylogenetic analysis to determine the position of ocean P. aeruginosa strains relative to other strains. To our knowledge, this is the first phylogenetic study of marine P. aeruginosa and will contribute significantly to a new ecological perspective on these well-known bacterial strains.
MATERIALS AND METHODS
Bacterial strains. Thirty-four environmental and clinical strains were used. The environmental strains were isolated from the open ocean, coastal areas, and freshwater environments in Japan (Table 1 and Fig. 1 ). The coastal strains (12 strains) included those from Tokyo Bay, Sagami Bay (station S1), Suruga Bay (station N2), and station S4. Although stations N2 and S4 were at least 50 km away from the shore, both were north of the Kuroshio Current, and the possible influence of terrestrial environments was not completely rejected; thus, strains from these areas were considered coastal. Two strains each from Kumamoto Bay and Aburatsubo Bay were also included in the coastal category. Kumamoto Bay is far from Tokyo Bay, whereas Aburatsubo Bay is close to Tokyo Bay and located between Tokyo Bay and Sagami Bay. Ocean strains (9 strains) were isolated from the south of the Kuroshio Current (22) , where the influence of human activities is negligible. Freshwater strains were isolated from ponds, lakes, and rivers near the greater Tokyo metropolitan area (22) . The sampling locations for freshwater strains are shown in Fig. 1 . Five strains were isolated from human blood, sputum, and urine samples and collected from different hospitals in Japan. One strain was isolated from a dead dolphin from Otsuchi Bay, Japan. The possible source of the P. aeruginosa strain isolated from the dolphin could not be clarified. As the strain was isolated from a dead dolphin, a possible secondary infection could not be rejected, as there are reports of fatal bronchopneumonia and dermatitis of bottlenose Atlantic dolphins induced by P. aeruginosa (7) . The sources, origins, dates of isolation, and serotypes of the strains are given in Table  1 . The origins and geographical locations of the sampling points are indicated in Fig. 1A and B. Except for the strains numbered Coastal-54 to Coastal-252 (Table  1) , all strains were analyzed in our previous study (22) .
Isolation and identification of P. aeruginosa strains. The isolation methods for P. aeruginosa were described previously (22) . Several methods were applied for the identification of P. aeruginosa. Selective agar culture media were used for the identification of P. aeruginosa at the initial stage. Suspected colonies that showed (28) . The PCR products were purified with an EXOSAP-IT kit (USB Corp., Cleveland, OH), sequenced using an ABI Prism BigDye Terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster city, CA), and run on an ABI 3100 genetic analyzer (Applied Biosystems). BLAST programs were used to find the most closely related sequences (2) . The isolates were also identified by the BD (Becton, Dickinson and Company, MD) Phoenix automated microbiology system according to the method previously described by Khan et al. (22) . It is necessary to perform DNA-DNA hybridization to judge whether a novel isolate belongs to a species when the isolate and species representatives share more than 97% 16S rRNA gene sequence similarity (14, 48) . Thus, two marine strains were randomly selected for DNA-DNA hybridization. P. aeruginosa JCM 5962 T and P. fluorescence JCM 5963 T were selected as the same species and a closely related species, respectively. DNA-DNA hybridization was determined by using photobiotin-labeled probes in a polystyrene 96-well plate (Nunc Maxisorp) as described by Ezaki et al. (11), utilizing Bacteroides sp. strain IAM 15343 as a negative control.
Culture of isolates and preparation of chromosomal DNA. Bacterial strains were maintained at Ϫ80°C in 40% (vol/vol) glycerol in nutrient broth, streaked to single colonies, and cultured on Mueller-Hinton agar at 37°C under aerobic conditions. Chromosomal DNA was extracted from 1-ml cultures of strains grown overnight in nutrient broth by using a Qiagen DNeasy tissue extraction kit (Valencia, CA).
Locus selection. The seven genes acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE (see Table 3 ) were selected according to the MLST scheme for P. aeruginosa (http://pubmlst.org/paeruginosa/). The criteria governing locus selection included biological role (comprising genes with diverse central housekeeping roles, such as mismatch repair, DNA replication, and amino acid biosynthesis), size (ϳ600 bp), location (i.e., a minimum of 6 kbp upstream or downstream from known virulence factors, lysogenic phages, or insertion sequence elements), and suitability for nested primer design and sequence diversity (5). All phylogenetic analyses were performed with the same criteria.
Amplification of the loci. The seven housekeeping genes were amplified with Z-Taq polymerase (Takara Bio, Inc., Shiga, Japan), using the primers described by Curran et al. (5) . The primers had variable melting temperatures. The 25-l amplification reaction mixture comprised 0.5 to 1.0 l of chromosomal DNA (final concentration, 4 to 8 ng/l), 0.5 l each of the 10-pmol primers, 2.5 l 10ϫ Z-Taq buffer, 0.25 l of Takara Z-Taq (2.5 units/l), and 2 l of deoxynucleoside triphosphate mixture (2.5 mM) and was brought up to the correct reaction volume with sterilized distilled water. The following PCR protocol was used: 1 s of denaturing at 98°C and 30 to 33 cycles (depending on the gene) of 1 s at 98°C (denaturing), 10 s at 57°C to 60°C (primer annealing), and 20 s at 72°C (polymerase extension). Reactions were performed with a PTC-100 thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA).
BigDye reaction and sequencing. Two microliters of ExoSAP-IT was added directly to the 7-l reaction products following PCR. ExoSAP-IT was inactivated at 80°C for 15 min, and the treated PCR products were ready for subsequent analysis in BigDye reactions, which required the DNA to be free of excess primers and nucleotides. BigDye reactions were carried out using an ABI Prism BigDye Terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster City, CA). DNA sequencing was performed with an ABI 3100 genetic analyzer (Applied Biosystems) with a 50-cm array. Both forward and reverse sequences were obtained by using the PCR primer or internal sequence primers (specifically for MLST sequences) for each locus.
Sequence data analysis. Both the forward and the reverse primer sequences of acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE were verified with the Chromas software program, version 2.32 (Technelysium Pty., Ltd.). Several representative DNA sequences were randomly selected from each group of isolates and converted into amino acid sequences, and multiple alignments of these sequences were calculated. These results and the published alignment data were used as templates to conduct multiple alignments of all DNA sequences determined (45) . Positions in which gaps were present in any of the aligned sequences were excluded from the analysis. All sequences were confirmed by individual BLAST searches to determine whether the corresponding data matched well with the appropriate gene of P. aeruginosa. Both forward and reverse primer sequences were assembled by using ATGC, version 4.0 (Genetyx Corporation, Tokyo, Japan). The assembled sequences were saved with Genetyx-Win, version 5.0 (Genetyx Corporation, Tokyo, Japan) in Fasta format. The alignment was performed using a hierarchical method for multiple alignments implemented in the CLUSTAL-W tool in MEGA 3.1 (27, 51) . Automatically aligned sequences were checked manually.
Allele and strain type assignment. A number was assigned to each distinct allele within a locus according to the number available in the P. aeruginosa MLST database. Any allele that did not match with existing data was designated "new." Each isolate was therefore given seven numbers that represented its strain type. Any strain type that did not match with the existing database was numbered as a "new" type. MLST analysis yielded alleles for individual loci of seven housekeeping genes. The alleles were numbered according to their entries in the MLST database. Alleles that did not exist in the database were termed "new." A table was prepared (see Table 4 ), and all the alleles were provided separate numbers. Strains having the same allele were given the same number.
Phylogenetic analysis. Similarity and evolutionary distance were calculated with different software programs. Gene distance matrices were calculated from nucleotide sequences by the Jukes-Cantor method (20) . Mann-Whitney's U test was employed for within-group and between-group mean distances, and significance levels were calculated (32) . Dendrograms were generated by neighbor joining (NJ), maximum parsimony (MP), minimum evolution, the unweightedpair group method with arithmetic means, and split decomposition (SD) with bootstrap analysis (1,000 replications) using MEGA (27) and PAUP* (version 4; D. L. Swofford, Sinauer Associates, Sunderland, MA). Analyses were performed on individual gene sequences as well as on the concatenated data set. Rooted and unrooted NJ trees of the concatenated seven-gene sequence data were generated with MEGA, version 3.1 (27) , using the Kimura 2 parameter model (25) with gamma correction and 1,000 bootstrap replicates for all sequences. In NJ analyses, closely related pseudomonads were used as an outgroup. The data for outgroups were collected from the NCBI GenBank database. An MP tree was generated from the concatenated gene sequence data from which bootstrap percentages were retrieved for 1,000 replicates. The number of polymorphic nucleotide sites and the ratio of the number of nonsynonymous substitutions to the number of synonymous substitutions (the d N /d S ratio) were calculated with the MEGA and START programs (18, 19, 27, 35) .
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study were submitted to GenBank. The accession numbers for the 16S rRNA gene, acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE are EU710848 to EU710881, EU561186 to EU561219, EU56084 to EU561117, EU561118 to EU561151, EU561152 to EU561185, EU590764 to EU590797, EU590730 to EU590763, and EU590696 to EU590729, respectively.
RESULTS

Identification of P. aeruginosa isolates.
The marine strains were confirmed as P. aeruginosa following observation of their physical properties (22) by BD Phoenix automated microbiology systems (22) and 16S rRNA sequence data. The 16S rRNA data revealed 99 to 100% similarity to the existing P. aeruginosa database in GenBank. When a dendrogram was prepared from the 16S rRNA sequence data and other P. aeruginosa strains were used as the outgroup, all P. aeruginosa strains formed a single cluster. The distance between P. aeruginosa and other Pseudomonas spp. was supported by a 99% bootstrap value (Fig. 2) . All P. aeruginosa strains belonged to a single cluster, in which P. aeruginosa PAO1 and type strain P. aeruginosa JCM 5962 T were included. Individual gene sequence data for each of the seven housekeeping genes also showed 98 to 100% similarity to the sequences in the P. aeruginosa database in GenBank when BLAST searches were carried out. For further confirmation of the P. aeruginosa strains, a standard DNA-DNA hybridization method was employed. The levels of DNA-DNA relatedness at the optimal temperature (51.6°C for P. aeruginosa, which was calculated based on GϩC molecule contents) within each species were 89.8 to 93.2% (Table 2 ). All DNA-DNA relatedness values were above the threshold value that has been suggested as delineating the same bacterial species (approximately 70%) under optimal hybridization conditions (12 for DNA-DNA relatedness among the selected strains and Pseudomonas fluorescens were less than 70% (Table 2 ). This confirmed the view that strains Ocean-1187 and Coastal-54 represent the species P. aeruginosa. Nucleotide fragments and allelic profiles. The fragment lengths for MLST data (obtained from MLST primers) and whole-gene sequence data (obtained from PCR amplification primers) for the seven housekeeping genes and their variable sites are given in Table 3 . The allelic sequences obtained were searched for in the P. aeruginosa MLST database. For aroE, all profiles were found in the existing database, whereas one T were collected from the DDBJ database, and data for all outgroup strains were collected from the NCBI GenBank database. a The number assigned to each gene corresponds to the allelic type available in the MLST database. Alleles that did not match with the existing database were designated "new." Strains that had seven known alleles were further searched for strain type. The numbers assigned to the strain types outside parentheses correspond to the strain types in this study only. Known strain types available in the database are in parentheses. Types for strains having seven known alleles that did not match with any known strain type in the database were also designated "new." The total numbers of allelic types were as follows: for acsA, 13; for aroE, 6; for guaA, 13; for mutL, 11; for nuoD, 6; and for ppsA, 11. There were 24 strain types.
b Groups of strains were assigned depending on the source of the strain.
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Of the 34 P. aeruginosa strains isolated from different sources, we found 24 distinct strain types. Among them, three (types 9, 155, and 179) existed in the MLST database (Table 4) , while the other 21 were new. Three coastal strains (Coastal-54, Coastal-60, and Coastal-86) belonged to type 9. Three strains with this type had been deposited, one from an unknown source from France (strain 5757) and two from sputum samples from Canada (strains R1 and T1). The strain Dolphin-245, isolated from a dolphin in Otsuchi Bay, Iwate Prefecture, Japan, matched with type 155, which comprises two clinical strains from Canada (strains B5 and S3). The Arakawa River-1508 strain, from Arakawa River, matched with type 179, which includes five clinical strains from Canada (strains B4, E4SIB1, C1, W4, and C2). Other than for these three types, the strains did not match with any types available in the 409-strain database. Among ocean (9 strains) and coastal (12 strains) isolates, six and six new strain types, respectively, were found.
Genetic distances between the P. aeruginosa groups. The average mean genetic distances between and within the designed P. aeruginosa groups were calculated by MEGA. MannWhitney's U test was carried out to see whether the differences within and between the group average means were statistically significant (32). In concatenated gene sequences (5,700 bp), the distances within groups were lower than the distances between groups (P Ͻ 0.05). The average mean distance between ocean-derived and other P. aeruginosa groups varied from 0.0075 to 0.0092, which was higher than the within-group average mean distance (P Ͻ 0.05) ( Table 5) .
Phylogenetic analysis and comparison with the geographical locations of the origins of the strains. In order to assess the phylogenetic relationships between all the strains tested, PCR fragments for each gene, as well as the concatenated sequences of all PCR fragments, were analyzed to construct trees based on NJ, MP, minimum evolution, the unweighted-pair group method with arithmetic means, or SD. Thirty-nine strains were used, including P. aeruginosa PAO1, P. aeruginosa JCM 5962 T , and three outgroup species strains (Pseudomonas putida KT2440, P. fluorescens Pf-5, and Pseudomonas syringae B728a) obtained from the NCBI database. Because the most conservative segments of the housekeeping genes were used in this study, the distance to the outgroups was too great to display in the tree. Only the unrooted trees are shown ( Fig. 1 and 4) . Figure 3 shows the rooted NJ tree of the concatenated data set of seven housekeeping genes with the outgroup.
In this study, we present only the data derived by the NJ and MP methods, as other methods showed similar patterns for the trees, so they were eliminated. Figure 1 Although the coastal strains are rather scattered in the tree, they were mostly close to each other and formed two separate clusters (one from the strains of Sagami Bay and one from those of Suruga Bay) that were always prominent. Four of the five clinical isolates also clustered together. Phylogenetic analysis of individual loci. The relationships between the 34 strains were further analyzed by constructing unrooted trees using the NJ method based on the nucleotide sequences of PCR fragments for each gene (data not shown). Ocean alleles were clustered with respect to acsA, aroE, guaA, ppsA, and trpE. This clustering was supported by bootstrap values higher than 50%, indicating their distinct positions in the trees.
Phylogenetic analysis of the MLST sequences. To clarify the phylogenetic positions of marine isolates among those from various sources, concatenated allelic data on 28 strains randomly selected from the MLST database were obtained. In addition, the corresponding sequence of P. aeruginosa PAO1 was taken from the NCBI database, and the sequence of type strain P. aeruginosa JCM 5962 T was added. Unrooted trees were constructed for all strains through different methods. Regardless of the methodology used for designing phylogenetic trees, all open-ocean strains except two (Ocean-238 and Ocean-222) invariably formed clusters distinct from those of other strains. Here, we present a radiation tree prepared by the NJ method, using MEGA as the representative method (Fig.  4) . The clinical and soil strains taken from the database tended to scatter throughout the entire tree. The freshwater strains showed loose association with some clinical strains. Three separate clusters were observed for marine strains, two for coastal isolates and one for ocean strains. Each coastal cluster was composed of isolates from different geographical areas. The biggest and most distinct cluster was represented by the P. aeruginosa strains from the ocean.
DISCUSSION
Our previous studies revealed that the oceanic P. aeruginosa strains have advantages over other strains with regard to their physiological adaptability to high-NaCl and pH stresses in laboratory-based microcosms. Molecular typing studies (pulsedfield gel electrophoresis) also indicated a clonal structure for oceanic P. aeruginosa strains that was distinct from those of other strains (22) . Based on these results, we hypothesized that there are new sequence types of ocean P. aeruginosa strains not found in other strains, which confirms that the ocean P. aeruginosa strains have diverged from other isolates and form a distinct cluster, as determined by MLST and phylogenetic analyses of seven housekeeping genes.
In the present study, we applied MLST analysis to 34 strains and found that most marine strains represent new types. In addition, analysis using concatenated gene sequences indicated that ocean and coastal strains form their own phylogenetic clusters (Fig. 1, 3 , and 4). Although freshwater strains tend to mix with soil or clinical strains (Fig. 4) , the phylogenetic positions of ocean, coastal, and freshwater strains roughly reflect their geographic distributions, with some exceptions (Fig. 1) . To our knowledge, this is the first report on phylogenetic analysis of marine P. aeruginosa and the first finding of a possible connection of the phylogeny of this bacterium to geographical distribution in aquatic environments. We used MLST in this study primarily because it enabled us to compare our data with those on other strains, especially clinical isolates and environmental isolates from various areas. In addition, phylogenetic analysis of each gene and concatenated gene fragments clarifies the intraspecies phylogenetic positions of marine strains. The MLST database so far includes Ͼ409 types of P. aeruginosa (4) (http://www.mlst.org/) but does not yet include any marine or coastal P. aeruginosa strain. As this study is the first application to marine isolates, we used the analytical methods with care. Genes were sequenced using established primers (5) , and only assembled sequences from forward and reverse primers were used.
In addition to the type determination, the genetic relatedness among strains was calculated from the MLST allelic profiles and the whole-gene sequence data by the phylogenetic analyses shown in Table 4 and Fig. 1, 3 , and 4, which indicates that the relatedness is primarily dependent on the origins. The ocean isolates formed one cluster (except Ocean-222 and Ocean-238), which includes only one coastal strain (Coastal-1276) and none from other environments. The presence of such clusters is also implied by the trees constructed for each gene (data not shown), a result further supported by MEGA analysis. The unrooted phylogenetic trees shown in Fig. 1 demonstrate a rough relationship between the geographic distributions and phylogenetic positions of the strains. The unrooted tree constructed from concatenated MLST data further clarified the presence of three clusters unique to ocean and coastal environments (Fig. 4) . These results confirmed our hypothesis regarding the presence of distinct marine types. As the possibility of mixing of freshwater with the coastal environments could not be rejected, it is assumed that the influence of freshwater and terrestrial environments reflected on the distributions of the coastal strains between clinical and freshwater environments and the separation of freshwater strains toward the other parts of the trees. On the other hand, the unique ocean environment retained a distinct group of P. aeruginosa strains, which always formed a single cluster, separated from the other isolates, with the exception of one coastal strain (Coastal-1276). A possible explanation for this kind of distribution is difficult to infer. We sampled seawater across the Kuroshio Current, primarily because the influence of freshwater inflow is hardly expected in the south part of the current. In other words, those strains are not recent contaminants of terrestrial origin. However, this does not necessarily mean that coastal strains should never be found in the open ocean or that those strains should never survive for a considerable time in the open ocean. The ocean is composed of one huge water mass without physical barriers. Although the physical process is unknown, coastal strains may be transferred to the open ocean and survive for years. As P. aeruginosa was regarded as a potential pathogen of marine mammals causing bronchopneumonia and dermatitis (7), it may be possible for the pathogen to travel with an ocean mammal from the open ocean to the coastal region or vice versa. If there are certain carriers, such as dolphins, they may release strains that are apparently of coastal origins. The distributions of ocean strains 222 and 238 may also be clarified in a similar way.
The Kuroshio Current is also a variable phenomenon in the South Pacific Ocean regarding its flow path. It always changes its path. The samples were collected twice from inside and outside the Kuroshio Current, which indicated a clear distinction among the strains inside and outside the Kuroshio Current. At this stage, we cannot conclude that Kuroshio is the only factor that differentiated coastal and open-ocean P. aeruginosa strains. Further studies are needed to make such a comment.
Our idea on the biogeography of P. aeruginosa is that the majority of strains from a certain environment are composed of one or a few particular groups that are unique to the environment. The opposite idea is "random" distribution regardless of environment. We believe that the data shown in Fig. 1 support the former idea but never support the latter.
Recently, the biogeography of free-living bacteria has drawn considerable attention because of the accumulation of data from various environments. Theoretically, biogeographical distributions may be explained either by environmental variations or by historical events. We believe that our present results indicate that environmental variations may be more important than the historical aspects. We also believe that our work is of considerable impact on such scientific issues because this study is based on multiple gene sequences of many isolates, whereas most works on biogeography are solely dependent on genetic information without any culture.
MLST has been also applied to other bacterial species for similar purposes. Sarkar and Guttman (45) carried out a study of the evolution of core genes of P. syringae, demonstrating the presence of a distinct group of strains from the SD of their combined phylogenetic tree. Cladera et al. (4) compared seven marine Pseudomonas stutzeri strains isolated from Barcelona, Spain, with strains from other sources by MLST. This analysis indicated that among the 25 total strains investigated, there were 24 alleles, which included seven marine types. The NJ tree drawn by the data indicated that marine P. stutzeri strains were distributed throughout the tree, suggesting that the divergence patterns of P. aeruginosa and P. stutzeri may be different. However, it should also be noted that the present MLST method was originally developed primarily to type clinical strains. Selecting a greater number of variable sites or genes, which increases the sensitivity toward aquatic strains, may offer better resolution and reliability as a typing method. For phylogenetic work, the analysis of more gene sequences will definitely be required.
An understanding of the community structure and genetic relatedness among strains of P. aeruginosa present in nature (sea, river, soil, plants, and animals) is essential for gaining a greater insight into the ecology and distribution of this bacterium. There have been debates on the extent to which they share common niches in the environment and the extent to which environmental and clinical strains are genetically similar. Recently, Pirnay et al. (42) aimed to determine the biodiversity among the P. aeruginosa population of a limited natural environment, the Woluwe River in Belgium, and compared it with the global biodiversity. They found that the population structure in that particular area, a small river, seemed to be comparable with that on the global scale. P. aeruginosa resides primarily in an aquatic environment, yet the organism is indeed a typical opportunistic bacterium and thrives well, eventually causing disease, independent of geographical location or hostspecific niche. They concluded that P. aeruginosa is an autochthonous member of the bacterial community of the Woluwe River, which strongly suggests a worldwide spread of a homogeneously diverse population of this bacterium. In the present study, the strong support of the NJ tree by the MP tree regarding formation of a single cluster of the ocean strains and the correlation between phylogenetic position and geographical location give insight into the adaptation of these strains to a particular environment.
Aoi et al. (3) proposed that P. aeruginosa strains isolated from the Ushubetsu River in Japan originated primarily from environments of human activity. Many other scientists have observed that environmental P. aeruginosa isolates are genotypically, chemotaxonomically, and functionally indistinguishable from clinical isolates (1, 13, 36, 43, 44) . Together, these works indicate that the populations present in different environments are highly intermingled or that high rates of genetic recombination lead to relatively homogeneous genetic structures among the strains. Our results, however, indicate a divergence of the marine P. aeruginosa strains from the other strains. The open ocean is generally characterized by low nutrient levels, high salinity, and alkaline pH (ϳ8). Therefore, it seems reasonable to assume that these conditions select certain types of strains that differ from those in terrestrial or freshwater environments. In addition, it is difficult to imagine how terrestrial strains can be transported to the open ocean several hundred kilometers away from the shore, cross the Kuroshio Current (22) , and mix with autochthonous populations. However, our results do not reject the possibility that further analysis of more genes of more strains or an entire genome may show high genetic similarities between marine strains and other strains. It is suggested that at least the core genes of P. aeruginosa are extremely conserved. Further work with a greater number of environmental strains from diversified geographical locations and with various genes is required to answer this question. Currently, we are sequencing the entire genome of one of the marine strains. The data will be published elsewhere soon.
In conclusion, the presence of marine P. aeruginosa strains that have unique genotypes and distinct clusters was confirmed by MLST and phylogenetic analysis for the first time. In addition, the geographic distributions of these marine strains have a roughly close relation to intraspecies phylogenetic position, which needs to be clarified by further analyses with more strains from various geographical locations and origins. These findings will have a considerable impact on the study of the origin, ecology, physiology, and genetic characteristics of this well-known bacterium.
